.
128
However, relatively little attention has been paid by the 129 global flux measurement community to the Mongolian 130 steppe ecosystems over the past two decades [Sugita et 131 al., 2007] . To this end, measurements of energy, water 132 vapor, and CO 2 fluxes are being conducted over a steppe 133 ecosystem in Kherlenbayan-Ulaan (KBU), Hentiy province, 134 Mongolia, using the EC technique [Li et al., 2005] [IPCC, 2001; Sugita et al., 2007] .
145
In addition, understanding the effects of environmental 146 factors on ecosystem carbon and water exchanges is a major 147 concern for politicians and economists in Mongolia to make 148 policies that coordinate and harmonize interactive relations 149 among land use, sustainable development, economic 150 growth, and climate change.
151
[6] In an earlier paper, we discussed how biotic and 152 abiotic factors affect net ecosystem CO 2 exchange above 153 the steppe in KBU [Li et al., 2005] . We observed that the 154 steppe was a weak sink for atmospheric CO 2 , and drought , 1995] , the correction for the density flux effect [Webb 252 et al., 1980] , and data gap filling [Falge et al., 2001] .
Senn

253
Details for flux calculation have been described by Li et al.
254
[ 2005, 2006] .
255
[12] GEP was indirectly estimated from use efficiency [Jones, 1992] . At the scale of the leaf, WUE
282
is defined as the ratio of net assimilation of CO 2 by Figure 1 . Mean monthly air temperature (T a ) and mean annual precipitation (PPT) at the Kherlenbayan-Ulaan Weather Station.
283 photosynthesis to transpiration [Rosenberg et al., 1983; 284 Jones, 1992] [Baldocchi, 1994; Law et al., 2002] . Only data obtained 291 when PAR > 500 mmol m À2 s À1 were used in our analysis of 292 daily courses of LUE and WUE to minimize the effect of 293 low PAR on ET and WUE [Baldocchi et al., 1985a] . Daily 294 values of LUE and WUE were computed from daily sums of 295 GEP, PAR, and ET.
296
[15] Canopy surface conductance can be estimated by 297 inverting the Penman-Monteith equation [Priestley and 298 Taylor, 1972; Stewart, 1988] after having derived the 299 aerodynamic conductance from wind data [Thom, 1972] .
301 where g c is the bulk canopy surface conductance (m s
À1
), r 302 is the air density (kg m
À3
) at a given air temperature, C P is the 303 specific heat capacity of air at constant pressure (J kg Li et al. [2006] .
311
[16] The statistical analyses were employed by using Data 312 Desk (Data Description, Inc., Ithaca, New York). A standard 313 simple linear regression technique was used to determine 314 the linear relationship between two variables (e.g., GEP 315 versus PAR) (sections 3.3, 3.4, and 3.5). Although each 316 specific factor is important in influencing GEP, WUE, and 317 LUE, our question was rather to find out which combination 318 of factors explains most of the variance. To answer this 319 question, we first compiled biotic (LAI and g c ) and abiotic 320 (PAR, T a , VPD, a K , PPT, and SWC at 10 cm and SWC at 321 20 cm) factors as group variables by bin separation and then 322 used a multivariate analysis of variance with daily resolu-323 tion data (section 3.6). (Figure 2b ), 332 24% above the multiyear average (187 mm) for the same 333 period. Above-average PPT was mainly observed in May, 334 June, and September, while July and August totaled 335 below-average PPT ( Figure 2b ) and thus can be considered 336 to be affected by drought. In detail, there were twelve PPT 337 events exceeding 5 mm that considerably affected soil 338 water content (SWC) (Figure 2b ). This effect was most 339 pronounced in the top 10-cm soil layer, whereas the 20-cm 340 and 30-cm layers only showed a quick response during 341 event 10. SWC varied by 13.6% (6.4-20.0%) at 10 cm, (Figure 3a) . GEP was larger in the morning than in the 413 afternoon. Both lower T a and lower VPD in the morning 414 stimulated carbon uptake, whereas in the afternoon higher T a (Figures 3b, 3d, 3e, and 3f) . The inverse relation-
423
ship between WUE and VPD is theoretically based [Tanner 424 and Sinclair, 1983; Sinclair et al., 1984] and has been 425 observed for other ecosystems (e.g., for crops [Tanner and 426 Sinclair, 1983; Monteith, 1986; Baldocchi, 1994] , for grass- , 1997] , and for forests [Baldocchi and Harley, 1995; 429 Lindroth and Cienciala, 1995] ). WUE is also found to be 430 sensitive to lower levels of PAR [Baldocchi et al., 1985b; 431 Freedman et al., 2001; Law et al., 2002] . The higher LUE in 432 early morning and in late afternoon is most likely related to 433 solar elevation angle and thus to the increase of relative share 434 of diffuse radiation [Jarvis et al., 1985; Norman and Arke-435 bauer, 1991; Rochette et al., 1996; Anderson et al., 2000; 436 Freedman et al., 2001; Roderick et al., 2001; Gu et al., 2002; 437 Law et al., 2002] . Both LUE (Figure 3c ) and WUE ( Figure  438 3e) were lowest in May and June when the vegetation was 439 still in its early seasonal development stage. LUE was largest 440 in July and in phase with highest GEP, whereas we did not 441 find any significant difference in WUE between July, August, 442 and September (Figures 3c and 3e) . 
GEP-PAR and GEP-ET Relationships
474
[24] The relationship between daily GEP and incident 475 PAR is examined with respect to SWC at 10 cm depth by 476 grouping the data into three SWC classes (SWC 10%, 10 477 < SWC 15%, and SWC > 15%) (Figure 4 ). The group 478 boundaries are not very firm and are primarily based on the 479 experience that steppe productivity was water limited when 480 SWC was below 10% and was not subject to any water 481 stress when SWC was over 15% [Ludlow, 1989; Bolger et Table S2a of the auxiliary material).
1 GEP exhibited a 487 much stronger correlation with LAI ( Figure 2c ) [Li et al., 488 2005] and with air temperature than with daily light levels 489 ( Figure S1 of the auxiliary material), suggesting that 490 seasonal phenology may be more important than light or 491 water content at this timescale. We did not examine how 492 PAR and SWC affect GEP at shorter timescales, but we 493 hypothesize that if phenology were accounted for, GEP 494 would show a stronger dependence on PAR and that the 495 effects of changes in SWC on the slope of GEP with PAR 496 might then be discernible (Figure 4) . It has been reported in 497 literature that there is a linear response of GEP to PAR for 498 crops and grassland [Ruimy et al., 1995; Turner et al., 499 2003 ]. However, under cold and dry climate conditions in 500 Mongolia, light alone may be a fairly good predictor of 501 gross primary product up to about a monthly timescale, but 502 unless phenology is accounted for, light is a poor predictor 503 at longer timescales, and the effects of changes in SWC will 504 be difficult to discern [Turner et al., 2003; Urbanski et al., 505 2007] .
506
[25] GEP and ET were significantly correlated (P < 0.001 507 for SWC 10% and 10 < SWC 15%, and P < 0.005 for 508 SWC > 15%, respectively) ( Figure 5 ). Regardless of soil 509 moisture conditions, GEP increased with increasing ET.
510
Similar linear relationships exist across various biome types 511 [Law et al., 2002] . Generally, the slope between changes in 512 GEP and ET is also a measure of WUE [Law et al., 2002] .
513
Our observation shows that the slope, a surrogate of WUE, 514 declined with increasing SWC (Figure 5 ). For example, the 515 slope at SWC > 15% was only half of that at SWC < 10%,
516
suggesting that a large increase in soil moisture, after a 517 substantial rain event, could not be efficiently used for 518 taking up carbon from the atmosphere but rather returned 519 rapidly to the atmosphere through soil evaporation. Hence 520 the rain received might not always be biologically effective 521 for a scarce vegetation cover such as the steppe in our study. 
553
[28] WUE decreased with increasing T a (P < 0.05) and 554 SWC (P < 0.05) but increased with increasing a K (P < 555 0.01). Obviously, the control of T a , SWC, and a K over LUE 556 was much stronger than over WUE ( Figure S2 and Table S3 557 of the auxiliary material). On a daily basis, both LUE and 558 WUE were not significantly correlated with VPD (P > 0.5)
559
(data not shown). Table S2a of the auxiliary material). 566 al., 1991; McNaughton and Jarvis, 1991; Schulze et al., 567 1995] . Through stomata, plants have the ability to regulate 568 the cost-benefit relationship between carbon gains and water 569 losses. Hence understanding the nature of the LUE-g c and 570 WUE-g c relationships is important for revealing biophysical 571 controls over this relationship.
572
[30] Since both PAR and soil moisture availability affect 573 g c and thus water vapor and carbon dioxide exchange 574 [Jarvis, 1976; Baldocchi et al., 1991;  is an appropriate approach for offsetting the errors in 588 association with the flux measurements [Falge et al., 2001] . type when there is no environmental stress [Jones, 1992; 603 Potter et al., 1993; Baldocchi, 1994; Ruimy et al., 1994] .
604
However, at our site, this is clearly not the case. Table S2b of the auxiliary material). Table S2c of the auxiliary material).
[32] The LUE-g c and WUE-g c relationships were also 606 affected by soil moisture conditions (Figure 8 ). When SWC 607 was <15%, both LUE and WUE were positively related to 608 g c , whereas when SWC was >15%, their dependence on g c 609 shows a negative relationship. This suggests that when soil 610 moisture is plentiful because of the influence of the bare soil 611 evaporation on g c , a higher g c does not necessarily enhance 612 LUE and WUE. [33] Overall, our analyses suggest that GEP, WUE, and 616 LUE respond differently to environmental factors. The 617 scatter in these response models (Figures 4, 5, 6, and 7) 618 illustrates the complication of or the interaction among 619 various environmental factors. This analysis shows that 620 the major factors affecting GEP include SWC at 20 cm (P 621 < 0.001), SWC at 10 cm (P < 0.01), g c (P < 0.05), and a K 622 (P < 0.05) ( Table 1) . There was only one highly significant 623 factor (SWC at 20 cm) (P < 0.001), together with two 624 marginally significant factors of PPT (P < 0.1) and a K (P < enced mostly by SWC at 20 cm (P < 0.001), a K (P < 0.001),
629
SWC at 10 cm (P < 0.01), g c (P < 0.05), and PPT (P < 630 0.05), very similar to what was found for GEP (Table 1) .
631
The multivariate analysis of variance provides further evi-632 dence that in terms of GEP, WUE and LUE the functioning Table S2d of the auxiliary material). Table S2e of the auxiliary material).
640 20 cm, which is strongly affected by recent rains, is 641 important in controlling GEP, LUE, and WUE of the steppe. 642 Irrespective of soil moisture conditions, both LUE and 643 WUE decreased with the increase in PAR. In addition, 644 LUE for this ecosystem was comparatively low because 645 of low LAI. Interpretation of the variability of WUE is 646 confounded by the bare surface evaporation, which might 647 contribute greatly to ET since the steppe under study has 648 low vegetation cover. However, with flux measurements 649 from one growing season only, the statistical coverage of 650 the effect of rain-fed soil moisture on GEP, WUE, and LUE 651 is not yet perfectly satisfactory. It is known that grassland 652 productivity is strongly affected by year-to-year variation of 653 precipitation [Sala et al., 1988; Austin et al., 2004; Huxman 654 et al., 2004; Potts et al., 2006] . a DF, degree of freedom; SS, sum of squares; MS, mean square; F, statistical test; P, probability; SWC 10 , soil water content at 10 cm depth, %; SWC 20 , soil water content at 20 cm depth, %. The biotic (LAI and g c ) and abiotic (PAR, T a , VPD, a K , PPT, SWC 10 and SWC 20 ) factors are taken as group variables by bin separation. Bin width is 0.1 for LAI, 1 mm s -1 for g c , 10 mol m -2 d -1 for PAR, 2°C for T a , 0.25 kPa for VPD, 0.02 for a K , and 1% for SWC, respectively. PPT was grouped into five classes (PPT < 0.1, 0.1 PPT 0.5, 0.5 < PPT 1, 1 < PPT 5, and PPT > 5 mm). 
